A novel temperature and pressure measuring scheme based on LC sensor for ultra-high temperature environment is presented here. This method resolves the interference of the temperature drift of the HTCC LC pressure sensor and avoids magnetic field crosstalk between two sets of LC circuits. The scheme is that the temperature is expressed by the amplitude of the resonant frequency of an input return loss curve (S 11 ). And then, the temperature and the resonant frequency are combined to calculate the pressure value. According to this idea, the sensor is manufactured. The sensor is composed of high temperature co-fired ceramics (HTCC) substrate and platinum LC circuit based on screen-printing technology. The platinum circuit consists of a planar spiral inductor(L) and four parallel plate capacitors(C). The external antenna is coupled to the inductor of the sensor to form a device whose impedance is measured by the network analyzer to generate an input return loss curve (S 11 ). The testing principle is to utilize the thermistor characteristics of platinum and the pressure-sensitive properties of airtight cavities. The amplitude of the resonant frequency of S 11 is mainly affected by the platinum resistance of the sensor, and the pressure has a reduced influence on the amplitude with elevating temperature. The maximum pressure sensitivity measured is 23.735kHz / kPa at 1200 • C in the pressure range of 50kPa to 300kPa. The temperature sensitivity is 0.009dB/ • C from 25 • C to 1200 • C. The impedance variation of the sensor and the XRD and SEM analysis of the platinum film conductor were analyzed.
I. INTRODUCTION
Due to the advantages of LC sensors in wireless passive measurement, it can be widely used in a harsh or sealed environment or health quality monitoring [1] - [4] . The present state of the art in sensor applies for pressure, temperature, humidity, biomedical, gas, proximity and strain [5] - [10] . In practical applications, the signal of the sensor is always disturbed by various environmental variables. For instance, the environment of an aircraft engine usually includes high temperature, high pressure, vibration, ionizing radiation, and chemical exposure [11] , and the sensor is placed inside the engine, temperature change substrate permittivity is the The associate editor coordinating the review of this manuscript and approving it for publication was Md. Abdur Razzaque . cause of temperature drift of LC pressure sensor [12] , which significantly affects the accuracy of the pressure signal. Thus, a lot of applications require the simultaneous measurement of double parameters in order to compensate for another parameter signal. Moreover, multi-parameters sensor saves assembly space and reduces measurement costs. Thence, multi-parameters sensor research is a hot field for sensor development.
However, due to the use of the same interrogating antenna, the integration of multiple sensing parts leads to electromagnetic field crosstalk between the inductors [13] . One method is to change the structure of the inductor by specific winding [14] . While reducing electromagnetic field crosstalk between the inductors, the coupling strength between the interrogating antenna and the sensor inductor also becomes VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ weak. But it is not suitable for the high-temperature environment, which demands a large return loss to consume. Another approach is to calculate the characteristic frequencies from the self-resonant frequencies through the decoupling algorithm [15] . The drawback of the algorithm increases the complexity of the operation and is not accurate enough because the error is accumulated by the algorithm formula, and is vulnerable to interference. And besides, in [16] , a new readout scheme for multiple passive LC sensors based on the impulse response is presented. The proposed scheme doesn't rely on a frequency sweep approach and output is independent of the coupling factor k. But, this technology has not yet developed into a reliable commercial instrument. There is a method different from the above to measure the environmental parameters only by the resonant frequency [17] , however, both signals interference is undesirable. Temperature affects capacitance and humidity affects resistance. A good method wasn't proposed to distinguish between both interferences. In [4] , the temperature signal and the pressure signal are separated and do not interfere with each other, resonant frequency and impedance measure pressure and temperature, respectively. However, the temperature range is too narrow. Inspired by [4] , we proposed a double-parameters sensor based on the principle of impedance matching and resonant frequency for ultra-high temperature environment. The sensor consists of an LC circuit and a ceramic substrate. The LC circuit is printed on the substrate by screen-printing technology. The sensor circuit and substrate are sintered from the platinum paste and high temperature co-fired ceramic (HTCC), respectively. A ferrite antenna and the sensor form a wireless passive device through the near-field coupling. The Antenna and network analyzer are connected by coaxial cable. The input return loss of the device is a function of the input impedance. Fortunately, the magnitude of the input return loss(S 11 ) is mainly affected by the resistance of the sensor, and the reactance dominates the change of the resonant frequency of the one. Namely, ambient pressure can change the reactance of the LC circuit, and the resistance changes with temperature.
The novelty of the paper lies in improving the efficiency of signal utilization, focusing on the relationship between return loss and temperature. The innovation of the LC sensor structure lies in the distribution of an inductor in the low-temperature region and the distribution of capacitors in the high-temperature region, avoiding the oxidization of the interrogating antenna at high temperature. This ensures that the signal changes are only related to the sensor sensitive unit. The HTCC substrate is more resistant to temperatures than the LTCC substrate and performs better than the sapphire substrate in the test signal. HTCC is a good heat resistant material for a wide range of applications. Platinum has good thermal repeatability and heat-sensitive property. Measurement scheme makes full use of HTCC and platinum material properties. In other words, the change in return loss reflects the change in platinum resistance and the change in the internal cavity of HTCC reflects the change in pressure. The interference of pressure on the amplitude decreases with elevating temperature.
II. MODE AND DESIGN
This section is divided into sensor sensing theory, sensor design, and sensor simulation. The feasibility of the measuring scheme is analyzed theoretically.
A. SENSOR SENSING THEORY
As shown in Fig. 1(a) , the readout device consists of an interrogating antenna and a network analyzer. The sensor equivalent circuit consists of an inductor and four pressuresensitive capacitors and two temperature-sensitive wires. The interrogating antenna and sensor can be equivalent to the device (Z in ) because of electromagnetic coupling. The input return loss (S 11 ) of the device reflects the degree of matching between the internal resistance of the network analyzer and the impedance of the device. The resonant frequency of the sensor is the best matching frequency of the device impedance. Therefore, the capacitors are pressure sensitive units, and the wires are thermal units. The frequency of S 11 is the pressure signal and the amplitude is the temperature signal. The magnitude of S 11 is a function of reflection coefficient ( ) as [18] , [19] :
where Z 0 is the internal resistance of the network analyzer. The physical meaning of the reflection coefficient is the ratio of the amplitude of the reflected wave of the load to the amplitude of the incident wave, weighing the matching level between load impedance and internal resistance. The reflection coefficient is negative, indicating the opposite phase. The elevating temperature causes the resistance of the LC circuit to increase, which makes the input impedance smaller. The input impedance becomes smaller, causing modulus of reflection coefficient to increase, resulting in a decrease in the amplitude of S 11 . Although the input impedance is also related to the frequency, the change in the frequency caused by the pressure has a relatively small influence on the amplitude, and the influence can be regarded as the error on the amplitude. In Fig. 1(b) , the LC circuit resistance is divided into three parts, namely, the inductor resistance, the wire resistance, and the capacitor sheet resistance. The experiment requires that the capacitor and part of the wire are placed in the ultra-high temperature zone, and the inductor and rest of the wire are placed in the low-temperature zone relatively. In this way, the interrogating antenna will not be oxidized.
Since the main part of the impedance is the inductor resistance, which is not in the high-temperature region, sensor signal change removes the amount of change in resistance of the interrogating antenna and the temperature versus sensor resistance change is relatively small, the rate of decrease in amplitude becomes smaller, and higher temperature can be measured.
Since sheet resistance of capacitor electrodes is ignorable in comparison to the resistance of the inductor and wire, it is omitted from further calculations. Considering the skin effect, the sensors serial resistance can be obtained as [20] 
where l c denotes the total length of the inductor, δ is skin depth, ρ stands for resistivity of the platinum circuit, R dc presents DC resistance. The thickness of the screen printed circuit is 20um. According to the resonant frequency of the sensor and the resistivity of platinum, the skin depth is larger than the thickness of the circuit, so the frequency has little effect on the DC resistance of the sensor. Deflection of the pressurized cavity is shown in Fig. 1(d) . For a flat square diaphragm, the central deflection, d, as a function of pressure, is described by [21] .
where D is flexural rigidity, E and v represent Young's modulus and Poisson's ratio of the substrate, respectively, P denotes the ambient pressure. In the large temperature range, Young's modulus of ceramics is influenced by temperature and Young's modulus can change the sensitivity of the pressure signal. The capacitor consists of the top and bottom metal electrodes separated by the ceramic diaphragms and the cavity, as shown in Fig. 1(d) . The capacitance at zero pressure is given by [22] .
where t m and ε r are the thickness and relative dielectric constant of the ceramic diaphragms, respectively. A pressuredependent capacitor model is given by [20] .
The dielectric constant of ceramics is greatly impacted by temperature and the capacitance of zero pressure increases with elevating temperature. So, the elevating temperature also changes the resonance frequency of S 11 , which is the temperature drift of the pressure signal. Thus, the pressure signal is a binary function of temperature and frequency.
Considering the edge effect of the capacitor, the sensor capacitor can be divided into two inductor parasitic capacitors and a pressure-sensitive capacitor. Parasitic capacitors, C par , are divided into air parasitic capacitor, C air , and substrate parasitic capacitor, C sub , components [23] .
where α and β are the empirical constants of 0.9 and 0.1. ε air and ε sub are the relative permittivity of air and substrate, respectively, l g is the total gap length of the inductor. The parasitic capacitance of the inductor is another error of the pressure signal because elevating temperature also increases the parasitic capacitance of the inductor. But since the inductor is in the low-temperature region, the parasitic capacitance of the inductor is relatively stable.
B. SENSOR DESIGN
The geometric dimensions of the sensor are defined in Table 1 . The inductor is designed to ensure that the inductance is large enough and the resistance is as small as possible.
The simulation shows that the spacing of the inductor coils is narrow appropriately and the inductance becomes stronger. Therefore, the width and spacing of planar spiral inductor coils are wider and narrower in order to enhance inductance and reduce resistance. If the inductor and capacitor are integrated, the interrogating antenna also withstands ultra-high temperature. The interrogating antenna of iron will be oxidized seriously, and the one of platinum is too expensive, and the resistance of the antenna also changes with temperature like the sensor. And the S 11 signal decays fast with elevating temperature. By contrast, separation of inductor and capacitor is a compromise solution to the problem. In this way, the inductor is in the relatively low-temperature zoon and the capacitor is in the ultra-high temperature region. The resistance and the parasitic capacitance of the inductor are both relatively stable. The interrogating antenna can avoid oxidation and its impedance remains the same. Meanwhile, this method increases the size of the sensor. Fortunately, the area of the capacitor is not limited by the inner diameter of the inductor. The number of capacitors can be increased so that pressure sensitivity is improved, and the relatively low resonant frequency reduces the interference of the parasitic capacitance of the inductor and S 11 signal attenuation is slow. Based on the above considerations, the parameters of the sensor were finally determined as in Table 1 .
C. SENSOR SIMULATION
A simulation model is built in HFSS software according to Table 1 . The initial dielectric constant of alumina ceramics is 6.8 because the permittivity of the sensor substrate(ESL44007-G) at room temperature is 6.8. At room temperature, the conductor conductivity of the LC circuit is 10 6 S/m. After manual screen printing technology, the metal resistivity is lower than that of pure metal. because there are a variety of inorganic binders in the electronic paste for adhering platinum particles after sintering. The coupling distance between the antenna and the sensor is 2.95mm that is consistent with the actual coupling distance.
The simulation results in Fig. 2(a) show that the sensor capacitance mainly determines the S 11 frequency, and the frequency decreases as the capacitance increases. By contrast, Fig. 2(b) shows that the resistance of the sensor mainly affects the S 11 amplitude, and the larger the resistance, the smaller the amplitude. The characteristic of the sensor indicates that the resistivity of the sensor is a function of temperature and the capacitance of the sensor is a function of pressure. Fig. 2(c) indicates that the capacitance of the sensor has a good response to frequency. Namely, the sensor has good sensitivity to pressure. Fig. 2(d) can explain the reason for the decrease in the amplitude of S 11 in Fig. 2(b) because the amplitude is a logarithmic function of the module of the reflection coefficient. The reason for the decrease in amplitude is the increase in the reflection coefficient. The reflection coefficient reflects the degree of matching between the impedance of the device composed of the sensor and the antenna and the internal resistance of the network analyzer. Thus, when the initial impedance matching is good, the elevating temperature makes the resistance of the sensor larger, and the input impedance of the device is as shown in Figure. 2(e). As seen from Equation 2, the input impedance decreases as the resistance of the sensor increases. The increase in reactance with temperature is due to the decrease in the Q value, which causes the useless power of the sensor to decrease, thereby increasing the reactance difference between the inductor and the capacitor. Fortunately, it can be seen from Fig. 2 (f) that the reduction in Q value has the advantage that the change in capacitance has a smaller effect on the amplitude. Therefore, as long as controlling range of capacitance changes is within a reasonable range, the S 11 signal can extract the temperature and pressure environmental parameters precisely.
III. SENSOR FABRICATION
The substrate material of the sensor is 99% HTCC green tape (ESL 44007-G, USA) and the conductor material is post-burned platinum electronic paste (ESL 5541-A, USA). The process of sensor fabrication is as follows.
First of all, the packaged green tape is cut into 8 * 8in squares, then, the positioning holes are punched out on each tape. The cavity is punched out in the middle tape and the carbon film is punched out of the cavity shape so that the carbon film is filled into the cavity. Carbon film plays a supporting role in the cavity formation process. Next, the transparent film of each tape is removed. According to the location hole, the tape is stacked. The stacked tape is placed on a steel plate and they are put together in a vacuum bag then the vacuum bag is preheated at 70 • C for 10 min and pressed at a pressure of 20 MPa for 3 min. In this way, the three-layer structure sticks together to form a block. Afterward, the block is cut into several green sensor substrates through the identified marking line. Finally, the green sensor substrate is sintered to form a robust sensor substrate through a specific sintering curve [6] . During the sintering process, the organic solvent is removed and the ceramic particles are bonded together by binders to form a dense ceramic substrate. Next step is the printing of the surface circuit. The electronic paste is printed on a ceramic substrate through screen printing technology. The composition of the electronic paste is metal particles, binders, and organic solvent. Therefore, the electronic paste also removes organic matter by sintering to form a dense metal conductor, and by the process of sintering at 1350 • C for 30min [6] , the binders sink to the surface of the substrate in order to bond the platinum metal and the substrate. The above procedures are shown in Fig. 3 .
IV. RESULTS AND DISCUSSION
The high-temperature and high-pressure composite test platform is built as shown in Fig. 4 . The maximum test pressure is 1 MPa and the maximum test temperature is 1500 • C. The platform mainly includes a nitrogen tank, high-temperature, high-pressure control cabinet, high-temperature, and highpressure furnace. Capacitors and inductor of the sensor are placed in high temperature and low-temperature regions, respectively. A piece of mullite separates heat between inductor and capacitors. Inductor coils and antenna coil are coupled at a distance of 5mm. The antenna and network analyzer(Agilent E5061B) are connected by coaxial cable. The sensor test platform is shown in Fig. 4 .
The antenna is the energy supplier and the signal receiver. Antenna and sensor form a device due to coupling. The test principle is that the S parameter changes as the input impedance of the device changes. Fig. 5(a) shows the response curves of pressure and frequency at different temperatures. At a specific temperature, the pressure has a one-to-one correspondence with the frequency of S 11 and the greater the pressure, the smaller the frequency change. Because the rate of change in the deflection of the cavity becomes smaller as the pressure increases. At 1200 • C, the frequency change is the largest, indicating that Young's modulus of ceramic is the smallest. And so, sensor pressure sensitivity is higher at high temperatures. However, as the temperature increases, the frequency also changes. Although the effects of both are the same, the mechanism of change is different. Pressure changes capacitance by changing the gap of the capacitor plates. The temperature changes the capacitance by changing the dielectric constant of the substrate and the resistivity of the conductor. Increased sensor resistance reduces useless power, which causes a slight decrease in capacitance, resulting in a slight shift in frequency as seen in Fig. 2(b) . The HTCC sensor pressure signal has a large temperature drift. Therefore, the pressure signal is a binary function, and the solution of the pressure signal requires temperature solution as a premise. Fig. 5(b) shows a good linear relationship between the amplitude of S 11 and temperature, but the pressure signal has a certain influence on the amplitude, which is regarded as the error of the amplitude. The relationship between the reflection coefficient( ) and the amplitude of S 11 is as follows:
x = X 50 (22) where r and x are the real and imaginary parts of the normalized input impedance, respectively. R and X are the real and imaginary parts of the input impedance, respectively. When the antenna transmits a frequency sweep signal to the LC circuit to resonate, the imaginary part of the impedance of the sensor is zero. The real part of the input impedance is as follows:
It can be seen from this formula that the real part of the input impedance is affected by the frequency. The reflection coefficient is mainly determined by the real part of the input impedance. Therefore, the pressure signal has an effect on the amplitude of S 11 . However, the extent of this effect is controlled by the sensor resistance. When the sensor resistance increases, the effect decreases as seen in Fig. 5(b) and Fig. 5(c) .There is a contradiction here, the sensor resistance is large, the frequency change has little influence on the amplitude, but the amplitude of S 11 is small, and the process from room temperature to the high temperature needs to consume a certain amplitude, so it is necessary to ensure a relatively large amplitude at room temperature. In other words, if the temperature is between room temperature and medium temperature, the frequency change has a great influence on the amplitude, and the temperature segment can be discarded. Fig. 5(d) shows the uncertainty of the amplitude at different temperatures. As the temperature rises, the uncertainty of the amplitude decreases. Accuracy is maximum at 1200 • C as follows. At 1200 • C, the absolute error is 0.1784dB and the amplitude consumption is 10.8094dB. The sensitivity of the sensor is 0.009 dB/ • C, thus, the temperature error at 1200 • C is 19 .88 • C. The curve of temperature error with temperature is shown in Fig. 6(a) . If the temperature error is specified within 50 • C, the measured temperature range can be taken from 600 • C to 1200 • C. Using Taylor expansion and disregarding high-order terms, Eq. (13) can be written as:
Substituting Eq. (25) into the Eq. (4) and performing further Taylor expansion, Eq. (4) can be simplified as:
When the temperature rises, Young's modulus of the ceramic decreases and the dielectric constant decreases. As can be seen from Eq. (26), the sensitivity of the pressure is increasing and the resonant frequency is decreasing with elevating temperature.
As the temperature reaches the ultra-high temperature zone, the resistance of the conductor increases significantly, resulting in a reduction in the temperature error of the amplitude solution because the frequency influence factor of input resistance reduces. The resistance of the conductor is the integral of the resistivity. The resistivity theory is as follows.
where v is the average thermal motion velocity of free electrons, and λ is the mean free path of electrons. N is the number of electrons per unit volume. U is the electron directional movement speed, J is the body current density. When there is an applied electric field, resistivity is inversely proportional to collision time between free electrons and crystal lattice. On one hand, the elevating temperature provides energy to the electrons to enhance the thermal motion speed of the electrons. On the other hand, the main factor is that heat intensifies the vibration of the lattice, which reduces the free path of electrons directional motion because of an increase in the frequency of collision, which shortens electronic directional motion path as shown in Fig. 6(b) . In a word, heat leads to an increase in the scattering coefficient of electrons, resulting in reinforce of phonon resistivity of the conductor. After the platinum paste was sintered, the annealing test of each sample was performed at different temperatures for 2 hours. The XRD of the platinum film conductor is annealed at different temperatures as shown in Fig. 7(a) . The platinum film conductor does not produce new substances under different temperature environments and the corresponding peak does not shift, indicating the platinum film conductor has good thermal stability. There are other peaks around the platinum peak, which are various binders in the platinum film, which results in a higher resistivity of the platinum film conductor than pure platinum. Fig. 7(b) shows the SEM of each annealed platinum film conductor at different temperatures and the streaks between the platinum particles can be seen because the size of the platinum particles is about 2 to 3 um. The appearance of many holes is related to the size of the platinum particles. The appearance of holes may also be related to the uneven distribution of binders. The size of the platinum particles also affects the flatness of the platinum film conductor, and the platinum roughness of the sensor is 3.399um. In comparison, the roughness of the ceramic substrate is 1.5 um, and the average thickness of the platinum film is 20 um.
Further, the input impedance of S 11 is detected by the smith chart. Fig. 5(e) shows that the real part of the input impedance decreases with elevated temperature, and the imaginary part of the input impedance exhibits that capacitive reactance increases with elevating temperature. This indicates that the resistance and reactance of the sensor increase with elevating temperature. The capacitance of the sensor increases because elevated temperature increases the dielectric constant of the substrate. The imaginary part of the input impedance exhibits capacitive reactance, indicating that the inductive reactance and capacitive reactance of the sensor are not equal because of the small Q value. According to the imaginary part formula of the input impedance, the imaginary part of the sensor is inductive. Since the platinum electronic paste is sintered, the conductor is not pure metal and is doped with some binders, the initial resistivity of the conductor is larger than that of pure platinum metal, resulting in a small Q value of the LC circuit. Therefore, when the sensor resonates, the imaginary part is not zero. As the temperature rises, the Q value of the sensor decreases, the ratio of resistance to reactance increases, frequency change on the amplitude of S 11 decreases, and the temperature value calculated by the amplitude is more accurate. Fig. 8(a) shows the initial frequency and amplitude signal of the sensor application at 50 kPa. Fig. 8(b) shows the effect of the resonant frequency of the sensor on the amplitude at 1200 • C. At 1200 • C, the pressure has little interference with the amplitude. The accuracy of the sensor depends on the accuracy of amplitude solution temperature. The mean value of the effect of pressure on the amplitude is the true value to reduce the error. So, the sensor measures the temperature and pressure algorithm as shown in Fig. 8(c) and (d) . The S 11 amplitude is used to calculate the temperature value in Fig. 8(c) . Then, the frequency change range is locked by the temperature value in Fig. 8(d) . Next, the frequency and pressure values are a one-to-one functional relationship, and the function coefficients can be obtained by the temperature value. As long as the experimental data is sufficient, the fitted function coefficients are accurate enough. Finally, the resonant frequency value calculates the pressure value.
V. CONCLUSION
Thinking from simplifying sensor structure and enhancing signal utilization, an LC temperature pressure sensor based on HTCC and screen printing technology was designed, simulated and tested. The double-parameter extraction scheme was verified. Return loss is a function of temperature and the resonant frequency is a function of temperature and pressure. Simulation results prove the feasibility of the scheme. After high-temperature and high-pressure test, the experimental results confirmed the simulation results, especially in the ultra-high temperature, the temperature and pressure response of the sensor is good, the interference between the both is very small. At 1200 • C, the pressure sensitivity is 23.735 kHz/kPa, temperature sensitivity is 0.009dB/ • C, the temperature error is 19.88 • C. Performance of the sensor shows that the higher the temperature, the smaller the temperature error calculated by the amplitude. The impedance change and experimental results of the sensor are analyzed and explained theoretically. The XRD and SEM images of the platinum film conductors under different annealing show that the sensor has good thermal stability. The sensor applications have broad prospects.
